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Abstract 

In this thesis the influence of the drying pressure on interfibre bond strength was investigated. 

Five different drying pressures, 0.7, 2.9, 4.5, 6.7, and 15 kPa, were applied during the 

preparation of fiber-fiber cross test pieces. The nominal overlap area of each fibre-fibre cross 

was measured in a transmission light microscope. A tensile tester was used to record the load-

deformation behavior of each fiber-fiber cross. The final results of the interfibre bond strength 

were defined by both the overlap area and the maximum force of each bond. The results 

showed that the influence of drying pressure to the average strength were very weak, although 

a maximum could be seen at 2.9 kPa of drying pressure. Moreover, the results suggested the 

overall trend of decreasing strengths at very high drying pressures. Finally, a statistical 

significance study of the results was presented. In addition, the influences of fiber type (spring 

wood vs. summer wood) and press type (steel vs. steel or steel vs. rubber) on interfibre bond 

strength were also discussed. 
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1   Introduction  
In fiber based network materials such as paper and paper board, the knowledge of the 

properties of the constituent fibers and the bonds between them (herein called interfibre bonds) 

is essential in order to develop an understanding of the properties and behaviors of such 

network materials. Studies of single fiber strength were first reported by Jayne [1] and later by 

Leopold and McIntosh [2], to name a few. Jayne [1] and McIntosh [3] studied the influence of 

different pulping methods (mechanical, chemical, and semichemical pulping) on the 

mechanical and chemical properties of fibers. Moreover, for self-binding fibrous materials, 

the most important load carrying mechanism is the bond between fibers. Mayhood et al. [4] 

contributed to the measurements of the interfibre bond strength, while McIntosh and Leopold 

[5] developed another method to test the bond strength. Several investigations on different 

aspects of the interfibre bond strength has been reported in the literature, such as Leech [6], 

Nordman et al. [7], Page [8], Davison [9], and Stratton and Colson [10]. For example, Page [8] 

found that the interfibre bond strength is a sort of weak link for the paper dry strength; 

Stratton and Colson [10] differentiated between the fracture mechanisms of weak and strong 

bonds. Besides, other factors, such as sheet formation (Hallgren and Lindström [11] and Horn 

and Linhart [12]), play important roles in deciding the strength of paper as well. 

  

Schniewind et al. [13] contributed to the study of interfibre bond strength by drawing 

attention to the effect of the drying pressure applied during bond formation and its influence 

on the interfibre bond strength. They tested fiber-fiber crosses that consisted of two 

springwood fibers, two summerwood fibers, or one springwood and one summerwood fiber, 

respectively. The results showed a tendency of reducing bond strength at higher drying 

pressures for interfibre bonds made up of summerwood fibers and springwood fibers, and 

they suggested a maximum at a certain pressure of 0.9 MPa. However, considering the large 

value of the coefficient of variation, which varied between 0.51 and 1.16, the changing trend 

of bond strength was judged not well substantiated. In their study, the drying pressure was 

varied between 172.4 and 1724 kPa. At the lowest pressure, the corresponding mean interfibre 

bond strengths of the summerwood to summerwood bonds and springwood to springwood 

bonds were 2.4 MPa and 3.8 MPa, respectively.  

 
In this master thesis the effect of drying pressure on interfibre bond strength will be revisited. 
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2   Previous studies 

2.1 Test piece preparation 

Schniewind et al. [13] introduced a method for making the interfibre bond test pieces that will 

be partly followed in this thesis work. They placed two fibers crossing each other at 

approximately 90° on a Teflon plate, thereafter, a water droplet was placed at the overlap 

point, and a Teflon disk was placed on top of the droplet. Four groups of the fiber-fiber 

crosses covered with Teflon disks were placed on the Teflon plate, and an additional Teflon 

plate was placed on top of the disks to complete the assembly. Ten Teflon plate assemblies 

constituted one set. A prescribed nominal pressure was applied for the set by means of a 

calibrated compression spring, and the set was then kept at room temperature (23 °C) and a 

RH of 50 % for three days.  

McIntosh [3] used fiber-shive bonds to test the bonding strength of fibers to shives. A drop of 

water was applied to a shive, and a single fiber, from the same pulp as the shive, was placed 

across the water droplet at an angle of 90° to the shive. The crosses were supported and 

covered with foil-wrapped glass slides and the assembly was kept overnight at 90 °C under a 

dead weight of 300 g. The fiber-shive bonds made using this method were different from the 

interfibre bonds studied by Schniewind et al. [13], as a shive contains many fibers.       

2.2 Maximum Force 

McIntosh [3] used an analytical balance to determine the breaking load of a fiber-shive bond. 

The bond was mounted on one end of the balance arm with a spring clamp and a beaker was 

placed at the other end. Water was admitted in the beaker at a very slow rate until complete 

failure of the bond. Mayhood et al. [4] used a modified chainomatic balance to test the load 

carrying capacity of an interfibre bond. This device is highly sensitive to environmental 

vibrations. Thus, it easily introduces additional errors into the final results.   

3   Materials and methods 
The test pieces used in this thesis work were prepared according to Magnusson and Östlund 

[14] by placing a few individual fibers in de-polarized water droplets, placed between 

stainless steel plates that constituted the drying press. The steel plates were coated with 

Polytetrafluoroethylene (PTEE) to avoid sticking of the fibers. Wisps of Kraft pulp fibers 

were handled with tweezers to place a few fibers in each droplet. An additional stainless steel 
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plate was placed on top of the other to complete the assembly. The steel plates measured 

102×103.6×8.9 mm. The Kraft fibers used in this study were a mixture of never dried 

springwood and summerwood fibers with kappa number 31. The effect of springwood and 

summerwood fibers on bond strength will be also discussed in this thesis.  

 
A known nominal drying pressure was applied by means of a dead weight. The weight was 

put on top of the steel plate assembly. Five different nominal pressures, 0.7, 2.9, 4.5, 6.7, and 

15 kPa, were used. A testing batch constituted of all fibers dried under a certain nominal 

pressure at a certain occasion.  

The steel plate assembly with the droplets containing fibers was kept in an oven for 2 hours. 

During drying, the temperature increased from room temperature at 24 °C to 110 °C within 20 

minutes, and then remained relatively constant (varied between 109-114 °C) throughout the 

following 100 minutes.   

The assembly was taken out of the oven after drying under the prescribed load and was 

allowed to cool to room temperature. The upper steel plate was removed from the assembly, 

and then the test pieces on the steel plates were observed with an Olympus stereomicroscope. 

An interfibre bond, with two fibers crossing to each other, was picked using tweezers and 

glued on a sample holder as shown in Fig. 1.  

 

Fig. 1 Interfibre bond glued in a sample holder 
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Fig. 3 Boundary conditions for testing the strength of the interfibre test piece 

A computer recorded the digital position of the clamp and the load, which later were used to 

analyze the breaking load. While gluing the loaded fiber to the lower sample holder, the 

interfibre bond was easily broken as a result of the reaction force from the sample holder, and 

it could then be observed that the loaded fiber was obviously separated from the crossed fiber. 

In some other cases, the interfibre bond was damaged without complete failure. These bonds 

were identified after testing since the maximum load was at very low level. When the 

maximum load of a specimen was less than 0.5 mN, the result was excluded from data 

analysis, since it was then easily confounded with noise which was introduced by the highly 

sensitive load cell.      

When the interfibre bond was broken, the test was stopped and the sample holder was 

removed from the tensile tester. The crossed fiber remained in the original position, while the 

loaded fiber remained at the bottom part of the sample holder. Both the crossed and loaded 

fibers of a test piece were observed in a transmission light microscope to measure the width 

and height of the fibers, to help identify the fiber type of springwood or summerwood fiber.  

During the tests of all test pieces in one batch, environmental data of the relative humidity 

(RH) and room temperature were recorded. The environmental effect on the interfibre bond 
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strength was out of the scope of the research in this thesis, but most of the tests were 

performed at relatively stable environmental conditions, thus effectively minimizing the effect 

of the climate.      

4   Results and analysis 
 

4.1 Determination of overlap area 

The interfibre bonds were viewed in a transmission light microscope to capture images of the 

fiber-fiber overlap area. One example of the overlap is shown in Fig. 4. The scale bar in the 

lower right corner yields a resolution of 0.37 µm/pixel.   

 

Fig. 4 Overlap area of a specimen, a damaged fiber wall can also be seen in the picture. 

The coordinates of eight points picked along the edge of overlap area were evaluated by using 

the image analysis program ImageJ [15], following an anti-clockwise direction. Finally, the 

overlap area ( ) was calculated as a polygon area based on the coordinates of these 

eight points using the expression 

	 = ∑ − 					 = 1, 2, … , 8, = , = 		.                         (1) 

For the specimen shown in Fig. 5, the value of the overlap area was 1973.2 µm2. 
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Fig. 5 Positions used to calculate the overlap area of a specimen 

As a rule, 20 specimens constituted one group. Each group had a specific nominal drying 

pressure of 0.7, 2.9, 4.5, 6.7, or 15 kPa. Using the method described above, the overlap areas 

for all specimens were determined and used for the analysis of the interfibre bond strength. 

4.2 Determination of maximum force 

A typical example of a load-displacement curve is shown in Fig. 6.                 
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Fig. 6 Load-displacement graph of a specimen  

It can be seen from the figure that for increasing displacement, the slope of the load is initially 
nonlinear and the slope increasing until it finally reaches an almost linear behavior followed 
by a sudden drop in load at complete failure of the bond. 

A simple moving average algorithm was used to smooth the load data on account of the noise 

in the data recorded by the highly sensitive load cell. The smoothed result was defined as 

, = ⋯ 					 ≥ ,			                                                                                    (2) 

where  is the serial number of current data point,  indicates the total number of data points 

used in calculation,  represent the load data, and ,  are the smoothed result. A graph of a 

smoothed result is shown in Fig. 7.  
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Fig. 7 Smoothed load-displacement graph of a specimen 

The maximum value of the smoothed result in this particular sample was 13.4 mN and this 

value was regarded as the maximum force. In Figs 8 and 9 two other examples of load-

displacement curves are shown. Both figures show the raw data and the smoothed results. 

Comparing the results in Figs 8 and 9 with that in Fig. 7, there are some fundamental 

differences. In Fig. 8, the load increases from 0 to a maximum value of 4.2 mN. However, 

during this deformation process, there is an intermediate drop in load carrying capacity at 3.7 

mN; while in Fig. 9, the load increases from 0 to a maximum value of 3.5 mN, but after that 

the bond did not completely lose its load-carrying capacity and the bond exhibited some 

residual strength before complete separation of the two fibers. 
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Fig. 8 Smoothed load-displacement graph of a specimen 

 

Fig. 9 Smoothed load-displacement graph of a specimen 
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A possible reason for the phenomena illustrated in Figs 6 to 9 is that, when only one bonded 

part exists inside of an overlap, the load is increasing until the interfibre bond breaks, just as 

the plot shown in Fig. 6; however, in some other cases, several small bonded parts exist in an 

overlap, and then they are broken successively until the total rupture of the bond with load 

increasing, the plots shown as in Fig. 8 or 9. Another explanation would be that stable growth 

of the crack through the bonded region. The maximum value of the load in each smoothed 

load-displacement graph was regarded as the maximum force. So the maximum force 

normalized with overlap area will as a first approximation constitute an upper bound of the 

interfibre bond strength.               

As a rule, 20 specimens were tested for each drying pressure of 0.7, 2.9, 4.5, 6.7 and 15 kPa. 

The frequency distributions of the maximum force for these five groups are shown in Figs 10 

to 14.          

 

Fig. 10 Frequency distribution of maximum force for Group 1: The 20 specimens tested in 
this group were made at a drying pressure of 0.7 kPa. 
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Fig. 11 Frequency distribution of maximum force for Group 2: The 20 specimens tested in 
this group were made at a drying pressure of 2.9 kPa. 

 

Fig. 12 Frequency distribution of maximum force for Group 3: The 20 specimens tested in 
this group were made at a drying pressure of 4.5 kPa. 
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Fig. 13 Frequency distribution of maximum force for Group 4: The 20 specimens tested in 
this group were made at a drying pressure of 6.7 kPa. 

 

Fig. 14 Frequency distribution of maximum force for Group 5: The 20 specimens tested in 
this group were made at a drying pressure of 15 kPa. 
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The distributions in Figs 10 to 14 are considerably skewed because there are generally more 

weak bonds than strong ones. Table I presents a more detailed analysis of the maximum force 

covering the range, average, standard deviation, and variability of the maximum force for 

each group.        

Table I.  Analysis of maximum force for specimens made with different drying pressures 

Drying 

pressure 

/kPa 

Minimum value 

at rupture 

/mN 

Maximum value 

at rupture 

/mN 

Average 

/mN 

Standard 

deviation 

/mN 

Coefficient 

of variation 

0.7 0.45 11.2 4.01 3.22 0.83 

2.9 0.52 12.8 4.34 3.55 0.82 

4.5 0.46 26.4 5.43 6.67 1.23 

6.7 0.56 8.30 3.50 2.70 0.77 

15.0 0.83 9.70 3.56 2.44 0.69 

 

Actually, more than 20 specimens were prepared and tested in each group. However, some 

specimens were damaged prior to testing due to various reasons. For example, the bond was 

ruined when gluing the specimen to the sample holder, or when mounting it in the tensile 

tester. Moreover, when the maximum load of a specimen was less than 0.5 mN, the test result 

was disregarded, and here it was assumed that this sort of bond was damaged already during 

handling, whereas still without complete breakage. 

4.3 Interfibre bond strength 

The maximum force normalized with the overlap area of a specimen was defined as the 

interfibre bond strength. The frequency distributions of interfibre bond strength, with 20 

specimens in each group, are shown in Figs 15 to 19, and Table II gives the results of a simple 

statistical analysis of the bond strength.  
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Fig. 15 Frequency distribution of interfibre bond strength for Group 1 (Drying pressure of 0.7 
kPa) 

 

Fig. 16 Frequency distribution of interfibre bond strength for Group 2 (Drying pressure of 2.9 
kPa) 
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Fig. 17 Frequency distribution of interfibre bond strength for Group 3 (Drying pressure of 4.5 
kPa) 

 

Fig. 18 Frequency distribution of interfibre bond strength for Group 4 (Drying pressure of 6.7 
kPa) 
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Fig. 19 Frequency distribution of interfibre bond strength for Group 5 (Drying pressure of 15 

kPa) 

Table II.  Analysis of interfibre bond strength for specimens made with different drying 

pressures 

Drying 

pressure 

/kPa 

Minimum interfibre 

bond strength 

/MPa 

Maximum interfibre 

bond strength 

/MPa 

Average 

/MPa 

Standard 

deviation 

/MPa 

Coefficient 

of variation 

0.7 0.34 13.7 3.68 3.69 1.00 

2.9 0.86 11.8 4.53 3.27 0.72 

4.5 0.20 20.0 3.80 4.46 1.17 

6.7 0.63 19.5 3.73 4.48 1.20 

15.0 0.27 11.4 3.10 3.10 1.00 

 

The overlap area, maximum force, and interfibre bond strength data of each specimen are 

listed in the Appendix.  
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5   Discussion 

5.1 Test piece preparation 

The method of making interfibre bonds that was developed by Magnusson and Östlund [14] is 

simple and relatively rapid to use. Generally, the test pieces were dried under a dead weight 

within two hours, and for an interfibre bond, another thirty minutes were required to finish the 

gluing and testing. 

Comparing the method of making interfibre bonds used by Schniewind et al. [13] with the one 

in this study, the main advantage of the method by Schniewind et al. [13] is that it was very 

easy to control the nominal pressure with the compression spring, and the pressures applied 

by the compression spring were always at a very high level. But, on the other hand, the 

preparation period of three days was really time-consuming, and the dimension of the Teflon 

plate was 25×25×6 mm and the diameter of the Teflon disk was only 8 mm, which caused 

great troubles during handling. 

 The methods of gluing fiber-fiber crosses to a sample holder used by McIntosh [3] and 

Schniewind et al. [13] were almost the same as the present one. The main difference is that 

they used paper tabs, while we instead used metal specimen holders. 

5.2 Overlap area     

McIntosh [3] used a planimeter to measure the fiber-shive overlap area. Schniewind et al. [13] 

assumed that the fiber-fiber overlap was rectangular, and calculated the overlap area by 

measuring the length of only two of its sides. By contrast, it is more convenient to use the 

ImageJ in analyzing a picture of the interfibre bond, and the computed overlap area using the 

present method is more accurate. 

It is worthwhile to note that while more points are picked along the edge of an interfibre 

overlap when using ImageJ, the accuracy of the final result of overlap area will be improved. 

However, the eight points picked in present method proved to generate a reliable result.        

5.3 Maximum force 

The analytical balance used by McIntosh [3] cannot sample the load-displacement curve when 

determining the maximum force; hence it is not possible to observe partial breakage that can 

occur prior to final rupture of the bond. Mohlin [16] used an Alwetron tensile testing machine 

to record the load data during elongation of the loaded fiber. When some fluctuations were 
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observed in the load-elongation curve, as in the plots shown in Figs 8 and 9, she argued that 

the breaking load could be decided by adding all peak values. This suggestion increases the 

complexity of the analysis. 

5.4 Interfibre bond strength 

Figure 20 illustrates the interfibre bond strength as a function of drying pressure. The bottom 

and top edges of a box indicate the 25th and 75th percentiles of bond strength, respectively, the 

red line indicates the median value of bond strength, and two whiskers are extended to the 

minimum and maximum bond strength. Sometimes the outliers, shown as red crosses, exceed 

the range between the minimum and maximum value. 

 

Fig. 20 Box plot of interfibre bond strength as a function of drying pressure 

The boxplot helps to present the degree of skewness and dispersion of the interfibre bond 

strength data for each group. The skewness and dispersion of the boxes coincide with the 

results in Figs 15 to 19, and the values shown in Table II.  

From Fig. 20 we can see that, as an increase in drying pressure from 0.7 to 2.9 kPa, the 

strength of the interfibre bonds appeared to be increasing, while after that, even though we do 

not have tests with a drying pressure between 6.7 and 15 kPa, it is justifiable to draw the 
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conclusion that the interfibre bonds lost load carrying capacity with a higher drying pressure. 

Schniewind et al. [13] put forth the explanation to this conclusion, that a very high pressure 

extracts water from the overlap areas, thus undermine the formation of interfibre bonds. 

Another possible explanation is that the very high pressure damages the fibers, this inevitably 

degenerates their load carrying capacity.  

Figures 21 to 24 illustrate the probability density and cumulative distribution plots of 

interfibre bond strength derived from the Student’s t-distribution function and the Generalized 

Pareto distribution function, respectively. The Student’s t-distribution is widely used in 

predicting the expected value of a normally distributed population in conditions where the 

sample size is small and population standard deviation is unknown. From Figs 21 and 22 we 

can see that the Student’s t-distribution yield smooth curves, and the five curves in each figure 

coincide with each other and it is a bit difficult to tell the difference between them. Figures 23 

and 24 show the plots of probability density and cumulative distribution with Generalized 

Pareto distribution function for which the plots are quite different from the previous two in 

Figs 21 and 22.       

 

Fig. 21 Probability density plot of interfibre bond strength with Student's t-distribution 
function 
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Fig. 22 Cumulative distribution plot of interfibre bond strength with Student's t-distribution 
function 

 

Fig. 23 Probability density plot of interfibre bond strength with Generalized Pareto 
distribution function 
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Fig. 24 Cumulative distribution plot of interfibre bond strength with Generalized Pareto 

distribution function 

5.5 Influence of fiber type 

There is always a significant difference between the springwood (earlywood) and 

summerwood (latewood) of the softwoods. The summerwood is often denser than that formed 

early in the season. When it is observed under a microscope, the cells of springwood seem to 

be thin-walled and with large cell cavities, while those formed late in the season have thick 

walls and very small cell cavities. In our experiments, the crossed and loaded fibers were 

observed in a transmission light microscope after the interfibre bond was broken, to help 

determine the type of fiber. Figures 25 and 26 show examples of springwood and 

summerwood fibers. 
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Fig. 25 Typical example of a springwood fiber 

 

Fig. 26 Typical example of a summerwood fiber 
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Jayne [17] found that the strength of the summerwood fibers was higher than for the 

springwood fibers in his testing of single wood fibers. This view is accompanied by the 

observation from Leopold and Thorpe [18] who found that the summerwood fibers are 

generally stiffer, stronger, and have a lower strain to break than springwood fibers. In the 

experiments of this study, the test pieces were made of Kraft summerwood and springwood 

fibers that were mixed in the pulp. The average strengths of different types of interfibre bonds 

which were tested in this study are shown in Table III.    

Table III.  The average strengths of different types of interfibre bonds 

Drying 

pressure 

/kPa 

Spring-springwood Spring-summerwood Summer-summerwood 

Average strength 

/MPa 

Average strength 

/MPa 

Average strength 

/MPa 

0.7 0.74 3.55 4.09 

2.9 - 4.76 4.19 

4.5 1.12 4.12 3.75 

6.7 - 3.04 4.11 

15.0 0.57 2.61 4.15 

 

From Table III it is found that, the summerwood to summerwood bond was generally stronger 

than the springwood to summerwood bond, and the bond of springwood to springwood 

appears to be the weakest one. This conclusion is supported by Schniewind et al. [13], as they 

observed the same kind of trend in their investigations.       

5.6 Influence of press type 

The drying press used in most of the experiments in the literature was made of steel. The 

press surfaces are much more rigid than the fibers, on this account, the local stress distributed 

on the interfibre bond was expected to be very high. Therefore a silicone rubber sheet was 

attached to the upper steel plate to cover the fibers during test pieces preparation, in order to 

study the effect of press type on bond strength. The rubber used was a G. Angleoni RTV 930 

silicone rubber, with a grammage of 1.25 kg/dm3, 30 Shore A (ASTM D2240-00) hardness 

and an ultimate elongation of 600 %. The result of the interfibre bond strengths for these 

samples is shown in Fig. 27. The fiber-fiber crosses in these two groups were made at the 

same drying pressure of 4.5 kPa, but with different pressing conditions during drying. It is 

clear that the use of a rubber layer did not introduce dramatic changes in the bond strength. 
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Fig. 27 Box plot of interfibre bond strength as a function of press type   

5.7 Statistical significance 

If the average interfibre bond strength of the sample is regarded as the average strength of the 

population, then the standard error of the mean ( ) can be used to measure the standard 

deviation of the error in the sample mean relative to the population mean. It is defined as = √  ,                                                                                                                                   (3) 

where  is the sample standard deviation, and  is the size of the sample. The standard errors 

of the mean for each drying pressure are shown in Table IV.       

Table IV.  Estimation of the interfibre bond strength of the population 

Drying 

pressure 

/kPa 

Average interfibre 

bond strength 

/MPa 

Standard error 

of the mean 

/MPa 

Confidence 

interval 

/MPa 

0.7 3.68 0.83 1.95 - 5.41 

2.9 4.53 0.73 3.00 – 6.06 

4.5 3.80 1.00 1.71 – 5.89 
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6.7 3.73 1.00 1.64 – 5.83 

15.0 3.10 0.69 1.65 – 4.55 

 

From Table IV it can be seen that the sample with drying a pressure of 15 kPa showed the 

smallest value of standard error the mean, 0.69MPa. This indicates that the average interfibre 

bond strength of the sample with this drying pressure is closest to the average strength of the 

population. 

When it is assumed that the interfibre bond strength of the population shows a normal 

distribution, with mean strengths equal to the sample mean, the Student’s t-test can be used to 

determine a confidence interval, the results are also shown in Table IV, the significance level 

in the test was 5 %. For a drying pressure of 0.7 kPa, the confidence interval was 1.95 to 5.41 

MPa, which means that 95 % of the interfibre bond strengths of the population are captured in 

this range of 1.95 to 5.41 MPa. 

Comparing the results of the confidence interval in Table IV with the boxplots of interfibre 

bond strength in Fig. 20, it can be perceived that the number of strong bonds for each drying 

pressure was always over estimated while the number of weak bonds was under estimated. 

This indicates that the assumption of normally distributed bond strengths for the population in 

the Student’s t-test is not consistent well with the true conditions. Besides, the variance of the 

normal distributions in the Student’s t-test were unknown, and here the sample mean were 

regarded as the true population mean, these two factors have adversely reflect on the 

determination of  the precise distributions of interfibre bond strength for the population.                      

6   Conclusion 
The method of making and testing interfibre bonds used in this thesis was described by 

Magnusson and Östlund [14]. A transmission light microscope was used to capture images of 

the fiber-fiber overlap to measure the overlap area. A tensile tester was used to investigate the 

load carrying capacity of the interfibre bonds, and used to determine the breaking load of the 

fiber-fiber crosses. The final results of the interfibre bond strength were defined by both the 

overlap area and the maximum force of each bond. Finally, the influence of drying pressure 

on the interfibre bond strength was studied. Based on the interfibre bond strength data for five 

different drying pressures, it can be seen that the bond strength was increasing with drying 

pressure and a maximum average value was 4.53 MPa, although within a certain large 
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variability. The bond strength is then decreasing when reaching very high drying pressures, 

possibly due to damage of the fibers and undermining of the formation of the interfibre bonds 

at the high pressures. Moreover, summerwood to summerwood fiber bonds were shown to be 

stronger than the springwood to summerwood fiber bonds and bonds of two springwood 

fibers. In addition, when a silicone rubber was applied to the upper steel plate during test 

pieces preparation, the interfibre bond strength showed no large increase in strength compared 

to test pieces prepared using a steel press. And on the basis of the interfibre bond strength data 

which were collected from twenty samples for each drying pressure, the distribution of 

strength for the population could be derived. When the distribution of interfibre bond strength 

for the population were assumed to be normally distributed, and the population mean under 

this assumption were equal to the sample mean, the significance level here was 5 %, then the 

confidence interval of interfibre bond strength for the population were determined by using 

Student’s t-test.            

 

Finally, we must admit the shortcomings and inadequacies in this thesis. Firstly, because of 

the technical limitations, we could not measure the true bonded area of an interfibre bond. 

Here, we used the optical overlap area instead. The resolution of the micrographs had a 

decisive influence on the results of the overlap area. For some test pieces, the pictures of the 

overlap area were too obscure to give an accurate result for the overlap area due to lack of 

focus. Secondly, the loading mode and the geometry of the fibers result in the large variability 

of interfibre bond strength. Furthermore, we did not take in to account the interfibre bonds 

that were damaged during handing prior to testing, and the skewness of frequency distribution 

of bond strength, although they are also important in revealing the influence of drying 

pressure on the interfibre bond strength. 
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Appendix 

1. Maximum force, overlap area, and interfibre bond strength in Group 1 with a drying 

pressure of 0.7 kPa 

Specimen No.  

/mN 

 

/µm2 

 

/MPa 

108.1 2.6 1209.4 2.15 

108.2 9.2 1814.4 5.07 

108.3 0.5 291.8 1.54 

108.4 2.5 279.3 8.95 

109.1 3.2 1573.8 2.03 

109.2 0.5 1500.0 0.34 

109.3 0.9 956.4 0.98 

109.4 1.1 1521.3 0.72 

109.5 2.0 2721.0 0.74 

109.6 7.5 2337.9 3.21 

114.1 5.9 1341.4 4.40 

114.2 3.6 2148.2 1.68 

114.3 5.6 714.1 7.84 

114.4 8.3 1688.7 4.92 

114.5 4.6 1869.6 2.46 

114.6 6.9 504.6 13.7 

114.7 1.2 2007.5 0.60 

114.8 1.7 778.7 2.18 

114.9 11.2 1156.0 9.69 

115.1 1.2 2950.0 0.41 

 

2. Maximum force, overlap area, and interfibre bond strength in Group 2 with a drying 

pressure of 2.9 kPa 

Specimen No.  

/mN 

 

/µm2 

 

/MPa 

105.1 0.7 557.0 1.22 

106.1 6.1 2140.9 2.85 
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106.2 2.9 341.7 8.49 

106.3 4.2 2492.6 1.68 

106.4 1.7 588.4 2.89 

106.5 0.5 607.9 0.86 

107.1 5.0 854.2 5.85 

107.2 12.8 1137.2 11.3 

107.3 1.3 360.8 3.60 

107.4 0.5 273.5 1.90 

112.1 6.3 834.7 7.55 

112.2 0.6 544.5 1.14 

112.3 2.8 991.9 2.82 

112.4 8.2 1461.6 5.61 

112.5 8.9 1397.0 6.37 

112.6 0.9 426.6 2.20 

113.1 8.7 740.1 11.8 

113.2 2.6 499.0 5.21 

113.3 8.1 1436.1 5.64 

113.4 4.0 2290.2 1.75 

 

3. Maximum force, overlap area, and interfibre bond strength in Group 3 with a drying 

pressure of 4.5 kPa 

Specimen No.  

/mN 

 

/µm2 

 

/MPa 

100.1 1.5 1235.0 1.21 

100.2 0.5 2686.8 0.20 

102.1 9.4 1303.8 7.21 

103.1 2.4 1148.1 2.09 

103.2 13.4 1973.2 6.79 

103.3 2.7 469.1 5.76 

103.5 1.2 3220.9 0.37 

103.6 0.5 829.3 0.55 

104.1 26.4 1323.0 20.0 

104.2 7.4 1485.9 4.98 
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110.1 1.5 651.8 2.30 

110.2 17.1 2411.0 7.09 

110.3 6.1 1343.4 4.54 

110.4 2.7 2507.6 1.08 

110.5 1.5 653.8 2.29 

110.6 3.5 3117.6 1.12 

111.1 0.6 885.8 0.65 

111.2 4.6 1396.0 3.30 

111.3 4.7 1772.2 2.65 

111.4 0.9 511.7 1.86 

 

4. Maximum force, overlap area, and interfibre bond strength in Group 4 with a drying 

pressure of 6.7 kPa 

Specimen No.  

/mN 

 

/µm2 

 

/MPa 

124.1 1.3 1030.5 1.26 

124.2 0.7 622.5 1.19 

124.3 0.6 681.8 0.82 

124.4 1.6 951.0 1.68 

124.5 7.2 1613.9 4.46 

126.1 1.0 1202.5 0.80 

126.2 6.1 1330.1 4.59 

126.3 7.2 703.4 10.2 

126.4 2.9 686.8 4.22 

126.5 3.2 1028.4 3.11 

126.6 0.8 1085.9 0.73 

127.1 7.9 1112.4 7.10 

127.2 3.1 1346.9 2.30 

127.3 0.7 1181.2 0.63 

127.4 1.5 1558.5 0.96 

127.5 6.0 1111.4 5.40 

127.6 5.0 3158.5 1.58 

128.1 1.8 1372.9 1.31 
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128.2 8.3 425.3 19.5 

128.3 3.2 1143.1 2.80 

 

5. Maximum force, overlap area, and interfibre bond strength in Group 5 with a drying 

pressure of 15 kPa 

Specimen No.  

/mN 

 

/µm2 

 

/MPa 

116.1 5.4 1331.1 4.06 

116.2 0.9 1901.7 0.46 

116.3 1.2 2905.9 0.41 

116.4 2.0 1257.1 1.59 

116.5 1.4 1210.9 1.16 

116.6 4.1 2364.8 1.73 

116.7 6.8 1257.4 5.41 

117.1 3.7 2129.0 1.74 

117.2 0.8 743.6 1.12 

117.3 2.3 1522.0 1.51 

117.4 1.0 3687.5 0.27 

117.5 5.2 502.0 10.4 

118.1 5.2 2498.2 2.08 

118.2 6.2 1397.6 4.44 

118.3 3.2 1110.8 2.88 

118.4 1.2 1673.2 0.72 

118.5 4.8 1121.9 4.28 

118.6 4.8 993.0 4.83 

119.1 1.3 897.7 1.45 

119.2 9.7 849.1 11.4 
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